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ABSTRACT

This work addresses the study on contact modelling in isogeometric analysis. Research papers
including vehicle crashworthiness and occupant protection, on contact modelling in isogeometric
analysis, contact searching algorithm is described. CAD modelling of front vehicle bumper and
rigid pole is done after that model is discretized using software. Isogeometric analysis has been
described as a tool for geometric modelling and surface discretization. MATLAB software
package is used for generating mesh, applying the boundary condition, solving the system of
equations for stress and displacements and visualising the solution results. For comparison of the

results between FEM and Isogeometric analysis an ABAQUS/CAE simulation is used.
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CHAPTER 1

INTRODUCTION

1.1 Background

India is the sixth largest in terms of the number of vehicles in the world and one of the world’s
second largest road network. But equally staggering is its 1.46 lakh fatalities arising from more
than 5 lakh road accidents every year. In excess of the shattering loss of life and trauma to the
victims and their families, economists say that India suffers an estimated 3% drop in GDP from
this every year. That brings us.to a pressing question — are our roads and more importantly, our
cars safe enough? Vehicle safety plays an important role in reducing crash fatalities. There are
numbers of rules and regulations are made for vehicle safety and if they are applied, they can save
many a life. These regulations include manufacturers to meet with sufficient vehicle strength in
front, side and rear impacts. These also includes stability and control of vehicle with assurance of
airbags and seatbelts are fitted in all vehicles.

Analysing this, safety is paramount importance in designing and manufacturing of vehicle.

Crashworthiness is the first step to be completed in vehicle design.

1.2 Vehicle crashworthiness:

This is the ability of a vehicle structure to protect its occupants going through an impact crash [1].
This is not limited to vehicle crashes; it is also applicable to other transportation sectors like planes
ships and rails. Between 1879 to 1890[2] the first systematic and successful investigation of
crashworthiness was implemented in railway axel. In other words, it is the process of improving
crash performance vehicle structure by going through an impact crash [3]. For improving the

structural design for crashworthiness, we need to understand the crash characteristics.

1.3 Crash Characteristics:

i. Displacement and energy: In modern design style of vehicle frontal structural length is being
reduced and it is ensured that this design structure should absorb most of the impact energy to
minimize its effect up to the occupants.

ii. Crash pulse: When vehicle go through an impact crash, suddenly velocity becomes zero due to

inertia, human body feels deceleration to its velocity this is called crash pulse. For the measurement



of crash pulse to brain damage head injury criterion (HIC) is used and it should be in certain limit
by regulations [4].

iii. Crash position: The structure should be designed in such a way that it should overcome from
any type or in any crash positions like full frontal impact, side impact, offset frontal impact and
rollover.

iv. Automobile compatibility: Automobile should be designed in such a way that its structure
should be able to mitigate the injuries from an accident with two different automobiles having
different weight and size.

1.4 Types of motor vehicle collisions:
I.  Frontal impact
ii. Rearimpact
ii.  Lateral impact
iv.  Rotational impact

V. Rollover

1.5 Modelling Vehicle Structures:
i.  Lumped Mass Spring (LMS) model
ii.  Finite Element (FE) model
iii.  Multi Body Dynamics (MBD) model
iv.  Hybrid model

I. LMS Model:

This model was developed by Kamal [5] in 1970. This is simple model with relatively greater
accuracy. In was known as Lumped Mass-spring model because analysis of the vehicle
components is assumed to be a system of discrete masses and springs. Finding the spring and mass
characteristics is the main objective of this model. This model was successfully used in full
automobile simulation with rigid wall. The following figure is an approximation of vehicle by

system of lumped masses and springs.
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Figure 1.1: LMS Model [5]

I1. Finite Element (FE) model:

In the finite element vehicle crash model full and detailed geometric description of vehicle
components and their material properties are utilized for analysis. For the finite element modelling
the whole vehicle body is divided into primitive finite elements [6]. The elements may be chosen
1-D, 2-D or 3-D according to the type of analysis. 1. Linear elements (1-D) 2. Triangular elements
(2-D) 3. Rectangular elements (2-D) 4. Brick elements (3-D). The Finite element analysis can be
done in FE software packages like LS-DYNA, ANSYS, INVSYS, MATLAB, MAPLE and
MATHMATICA. The CAD model of vehicles are imported to the software. Using the mesh tool,
the finite element meshes are generated in the vehicle body. On giving the forces or deformation
input to the software as well as the material specification it simulates the vehicle crash and give
the stress and deformation for all the elements.

Figure 1.2: Finite Element (FE) model [6]



I11. Multi Body Dynamics (MBD) model:
LMS model is special case of MBD model. In this model physical component of human body is
represented by number of inter-connected bodies having different joints. The joints can be of
different types and can have different degrees of freedom. The inter-connected bodies can be

flexible or rigid but in LMS model they must rigid.

~7

Figure 1.3: Multi Body Dynamics (MBD) model [7]

IVV.Hybrid model:
The Hybrid model [7] is the combination of MBD and LMS models. As we know MBD is used to
simulate occupant body where FE is used for full vehicle structural simulation. This model has
greater efficiency because in MBD model computational cost is low compared to FE model. The
following figure shows the hybrid model [7] for a side impact test. LS-DYNA is used for modelling
of vehicle structure and rigid barrier, where MADYMO (an MBD commercial software) is used

to model the occupant.



Figure 1.4: Hybrid model [7]

1.6 Objective:
The aim of this work is modelling of contact between rigid pole and deformable bumper during
low velocity impact using Isogeometric analysis and to compare it with conventional finite element

method.

1.7 Scope of thesis:

e Todevelop impact contact simulation procedure for front vehicle bumper with rigid pole using
FEM software like ABAQUS.

e To formulate same contact modelling in Isogeometric analysis using MATLAB and
RHINOCEROUS.

e To compare the results of both, contact modelling procedures and show that which is better
for designing of vehicle bumper for safety purpose.



CHAPTER 2

LITERATURE REVIEW

In this chapter some of researcher’s works are summarised. Publications related to vehicle
crashworthiness, vehicle crash models and their comparative studies are given in brief. Contact

searching algorithms and other relevant works are presented briefly.

2.1 Vehicle crashworthiness design:

GJ Gao and HQ Tian [14] published an article on vehicle's crashworthiness design and collision
analysis. In this paper vehicle crashworthiness, types of collisions are described. This is an
American criterion which presents the evaluation criteria of the middle and end part of the vehicle.
These are values of the absorbing energy of the middle and end of the vehicle and acceleration of
the cabin. C.M. Ni and J.O. Song: [15], they published computer aided design analysis methods
for vehicle structural crashworthiness, symposium on vehicle crashworthiness including impact
biomechanics. In their model use of FEM for finding out stresses and deformation at critical section

is important.

2.2 Vehicle crash models and their parameters:

P. Jonsen et al. [16], in this paper they studied frontal crash and compared the obtained results with
vehicle crash data. They used INVSY'S software to identify the parameters of vehicle crash model.
FEM and LPM both have been used for the analysis. P. D. Bios wrote a book entitled Vehicle
Crashworthiness and Occupant Protection in Transportation System. In this book FEM and LPM
has been described along with their comparison. Yehia A. Abdel-Nasser [8] published Frontal
crash simulation of vehicles against lighting columns using FEM. In this paper study of vehicle
impact with lighting column is described and all the formulation is based on finite element method.
Effect of impact forces on different part of vehicle structures is calculated and plotted as stress and

deformation.

2.3 Contact searching algorithms:

Wang Fujunet al. [26] presented a paper called Contact searching algorithm for contact impact
problem. Detailed description of all three methods of contact searching algorithms is given in this
paper.R. P. R. Cardoso & O. B. Adetoro [10] published a paper On contact modelling in
isogeometric analysis. In this paper they presented contact formulation of sheet metal forming in

6



isogeometric analysis. Die tool and sheet metal both are discretised using NURBS as basis function
contact constraints are measured and boundary conditions are applied. Result is compared with
finite element contact formulation and it is shown that NURBS contact formulation is better than
conventional FEM in every aspect. Song Wang, and Akitake Makinouchi [12], in his work contact
searching and modelling is presented for blow moulding process. They proposed the
implementation of three kind of global search algorithms and compared the result with two existing

methods in terms of accuracy and CPU time.

2.4 Other relevant work:

Vinh Phu Nguyenet al. [11] presented an analysis for solid and structural mechanics using
MATLAB and implementing it for one, two or three dimensional solid and structures in
isogeometric analysis. Toolbox with codes is described in detailed for fracture and impact
problems. Zefeng Wen et al. [18] In this paper ANSYS/DYNA is used for contact simulation
between wheel-rail contact-impact. The effect of axle load and train speed on contact forces, the
stresses and strains in the railhead are investigated in detail. Daniel Barbedo Vasconcelos Santosa
Alex Alves Bandeira [19] published an article on numerical modelling of contact problems with
the finite element method utilizing a B-Spline surface for contact surface smoothing. In this article
the problems exhibiting large displacements, curved contact surfaces, as well as large sliding were
presented. In all cases presented, convergence was attained, and the displacements obtained were
consistent with the results generated in ANSYS. Temizer et al. [24], in this paper they numerically
presented the behaviour of NURBS based isogeometric analysis in contact problem and compared

the result with C%-continuous LaGrange finite element method.



CHAPTER 3

ISOGEOMETRIC ANALYSIS: INTRODUCTION

Design and analysis are two main aspects of mechanical structures either static or dynamic. Design
is done in CAD environment and then sent to some finite element computational environment for
analysis. FEM converts the original smooth CAD model to non-smooth finite element meshes.
Geometric approximations during changing the model from CAD to FEM increase error in analysis
results. Isogeometric analysis introduced by T.R.J. Hughes [27] solves this problem which is an
analysis method which may be applied directly to the smooth CAD model. Computer aided design
environments use NURBS to interpolate between the control points and NURBS consist of inbuilt
elements in between their knots. These elements create mesh on smooth geometry without
approximating it. It is more powerful method for design and analysis compared to FEM. The main
idea to develop a computer aided design model in such a way that it can be used for the analysis
purpose also first given by Hughes in 2005. NURBS are capable of representing the complex
geometries by its versatile basis functions. Later found in this field of research that NURBS face
difficulty in local refinements. Another very powerful technique for geometric representation is T-
Spline. It is much more versatile than NURBS. It is a more general form of NURBS which enables

local refinement strategies to work efficiently

3.1 NURBS (Nonuniform Rational B-spline):

NURBS is used for geometric modelling of different objects and structures. NURBS has been used
extensively in CAD softwares as basis for modelling. NURBS has following properties and
features

3.11 Knot vectors:

In this contact modelling open knot vector will be used. These are the set of non-negative
parametric co-ordinates. These are repeated p + 1 time at beginning and the end of the vector,
where ‘p’ is degree of the polynomial basis functions. One dimensional basis function having

degree ‘p’ is defined by

m = number of control points or basis function.



If basis function degree ‘p’ it will have p-1 continuous derivative
3.12 Control points and basis functions:

The basis function will be obtained recursively by using following formulae

= (-¢1) .p_q El+p+1-¢  ,.p-1
p=_2 577 2B 5
Ni §1+p-¢£1 NP+ gl+p+1-§1  1t1

Where ‘€’ is local parametric co-ordinate.

P = degree of basis function.
This formula initialised with piecewise polynomial basis function and if the degree p =0, i.e.:

3 1 if E1<E<EI+1
Np _{ 0 Otherwise }

All piecewise polynomial basis function obtained from the above recursive formulae from a

partition of unity it means:

ZN}’(f):L §€E =[E1,m + p+ 1]

I=1

The basis functions are always positive. i.e. i & - N]p & =0
A B-spline surface is constructed from a net of control points A;; and a two-dimensional knot
setZ X HwithH = {771, N2 e Mnag+1 } where g and n is the degree and number of control points .

A B-spline surface is given by following linear combinations.
n m
spam) = ) Y NI N )y
I=1 J

Solid B-Spline is constructed using a net of control points Auxand a 3-dimensional set Z X H X
Z,with Z={3 , 05 ooy Qransn }
Where r and | are the degree and number of control points along the { direction. Local

approximation is given by following linear combinations.
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kIJ=1
NURBS is the weighted linear combination of the basis functions, a NURBS surface is obtained

from a 2-dimensional knot set = X H and a net of control points Auand weights W),.

YT ST NE NG (©)W AL
w

vSPag,m) =

The NURBS solid is constructed using a 3-dimensional knot set = X H X Z and net of control
points.
nnm q p
B Zk,l,j=1 27N MN; (OW Ay
" w

TPUE n0)

With the NURBS surface

W= Zn:ilvlq (n)N,q(f)Wu
J

I=1

And with NURBS solid
W = Xy Bt T2 NE QN (NS (6)

The NURBS control net and geometric approximation is given by in Figure 3.1
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Figure 3.1: NURBS surface, its control net and approximation with basis function [10]
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CHAPTER 4

CONTACT DETECTION OR CONTACT SEARCHING ALGORITHMS

After meshing both objects have been discretised into smaller parts. Meshing is done using either
finite element mesh or NURBS (isogeometric analysis) mesh. finite element meshing is used in
almost every contact modelling because NURBS is a new concept and has not been implemented
much. Contact searching mechanics concept is same in both finite element analysis and

isogeometric analysis, it has three major steps.

I.  Master and slave surfaces:
Contact modelling is done between master and slave surfaces. Rigid body (Pole) is called master
surface and deformable (vehicle bumper) is termed as slave body. All the contact searching

algorithm will be based on these two surfaces.

Il.  Global search phase:
This is a first search performed such that potential (which are supposed to hit with each other)
contact nodes (nodes are position at corners of rectangular mesh). Global means we will find the
approximate contact area having nodes which are supposed to be hitting with each other (master

and slave surfaces).

I11.  Local search step:
In this search we will find exact contacting or hitting nodes (control points in NURBS) of master

and slave surfaces which are hitting with other.

IV.  Penetration/gap should be zero:

The penetration or gap between two contacting surfaces should be zero means they just should
touch each other this can be done making nodal (knot) distance equation equals to zero. All steps
will lead to find exact contacting nodes (knot in IGA) after this we will apply boundary conditions
to nodes (knots) of both contacting surfaces (master and slave) and result will be displayed in form
of stress or deformation plot. For contact modelling (meshing and contact detection) we are using

finite element method for a long time which is quite time taking and has less efficiency compared

12



to NURBS. Here | will use NURBS and will compare the result with conventional finite element

analysis.

Target Point "1" in the
Master Surface

Penetration gap

Slave Surface

Hitting Point "I" in the
Slave Surface

Master Surface

e,
=

Figure 4.1: Contact detection between master and slave surfaces [10]

Gap function ‘g’
gap = — penetration
This function is asymmetric function
Gap function is defined for
= separation g >0
= contactg=0
= penetration g <0

Gap function governs normal contact

Gap function is given by: -
g(£%1,9*1) = {x, — S(£7+1, +1)). 1, (E541, i)
Where g(fi“,ni“) is gap function for calculating normal gap.
Xn are the coordinates of the hitting knot.
g(&,m) is the NURBS contact surface.

Vn(f”l, n"“) is the unit normal vector at the contact knot in the target NURBS surface.

13



In contact mechanics we have to optimise the gap function for zero penetration gap for this purpose

we can use Newton-Raphson, Newton iterative or any other optimisation technics [13].

4.1 Contact modelling examples:
There are following contact modelling examples which are performed in various sectors.
e Assembled parts, e.g. engines
e Railroad contacts
e Gears and bearings
e Breaking systems
e Tire-road contact
e Metal forming
e Crash tests
e Biomechanics
e Granular materials
e Electric contacts (Simulation of electric current)
e Tectonic motions (Geography)
e Deepdrilling

e Impact and fragmentation

14



CHAPTER S

CONTACT MODELLING USING FINITE ELEMENT METHOD (FEM)

Contact modelling in FEM is a main step followed by some prior work like Model construction,
Material properties assignment, Meshing, Steps and interaction there is following process chart for
FEM contact simulation for impact of vehicle front bumper with rigid pole.

FEM Contact
modelling

Pre-processing Processing Post-processing

|| Model LJob creation and L Visualization

Construction B .cion (Result)

Material
Properties

— Meshing

— Steps

— Interaction

Contact
modelling

Boundary
conditions

Figure 5.1: FEM simulation procedure
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5.1 Pre-processing:
Pre-processing is performed before going for job submission to the processor. Here input is
provided to processor it contains following steps.

5.11 Model construction:
CAD Models of Bumper and pole are created in modelling software. There are many modelling
softwares are available for CAD geometry like.
« 3DS MAX
* BLENDER
« CATIA
« SKETCHUP
* RHINOCEROS
* SOLIDWORKS
« AUTOCAD
* INVENTOR
Here in this simulation | have used SOLIDWORKS for modelling of pole and bumper and

geometry is saved as ‘.iges’ file.

Figure 5.2: Bumper model

16



Figure 5.3: Pole model

After creating model in SOLIDWORKS it is imported in ABAQUS

Material properties assigned to the bumper are Young’s modulus = 210 GPa, Poisson’s ratio =
0.28. Since the created model is solid homogeneous so the properties will be assigned to whole
geometry instead of upper shell. For Pole model no properties are assigned as it is kept as discrete
rigid as our aim is only bumper so we don’t want to pole to be deformed and it generally has much
strength compared to bumper so there will be no effect on pole during analysis. Both the model
(rigid pole and deformable bumper) are assembled and kept such that it just touching each other.

:
=
) b
4

Figure 5.4: Bumper and Rigid pole assembly
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5.12 Meshing:

Meshing is defined as dividing the whole model into smaller elements in other words it is nothing
but discretization of continuous body into finite number of elements. It is done to ensure proper
distribution of loads over whole body. Meshing affects the result a lot. Mesh generation can be
performed in various softwares like

ANSYS, OPEN FOAM, GMESH, ABAQUS, NATRAM, BLENDER, RHINO, LS-DYNA,
SIMSCALE.

In this simulation meshing is performed in Abaqus using ABAQUS mesh module

.

Q_ =)
“aY)
\ay

Figure 5.5: Bumper-rigid pole mesh model assembly

Number of elements is 1850
Number of internal elements generated for contact 472
Number of nodes is 2775
Number of nodes defined by the user 1831
Number of internal nodes generated by the program 944
Total number of variables in the model 6912

18



Here both bumper and pole are meshed using rectangular mesh. Since pole is taken as rigid so
course meshing can be used for pole which reduces the total analysis time.

5.13 Steps:

Steps are the unit of the FEM dynamic contact interaction. The total time in simulation will
depends upon how many steps are taken place in a simulation. It basically means increment in
displacement as bumper moves towards pole so we assign minimum and maximum incremental
size of each step in seconds. There is step module in ABAQUS where input data is given and it

will be valid for each step.

5.14 Interaction:
After specifying the steps, we have to stablish contact interaction between desired objects here in
this simulation the desired surfaces to be interacted are bumper frontal surface and rigid pole

surface both are assigned for interaction like this.

E,x

Figure 5.6: Interacting surfaces

As shown in figure 5.5 both surfaces are highlighted, the total number of elements which will come

in contact to each other are 472 in numbers.

19



5.15 Contact modelling:

Because physical contacting bodies do not interpenetrate, the application must establish a
relationship between the two surfaces to prevent them from passing through each other in the
analysis. When the application prevents interpenetration, it is said to enforce contact compatibility.

Master surface

T~a

Slave surface

&

F

Figure 5.7: Bumper initial position before contact

In order to enforce compatibility at the contact interface we have some optimisation methods like
Penalty methods, LaGrange method. In ABAQUS contact simulation, we have used Penalty

method to reduce interpenetration master-slave surfaces.

I. Penalty and Lagrange Contact Formulation:
For nonlinear solid body contact of faces, Penalty or Augmented Lagrange formulations can be
used. Both of these are penalty-based contact formulations:
Fy =Ckygrmal X Xpenetration
The finite contact Force, Fy, is a concept of contact stiffness, Ky ormar - The higher the contact

stiffness, the lower the penetration, xp, as illustrated here

20



Figure 5.8: Pole penetrates bumper

Ideally, for an infinite &k y,-mq; ONe Would get zero penetration. This is not numerically possible

with penalty-based methods, but as long as Xpenetration 1S Small or negligible, the solution
results are accurate. The main difference between Pure Penalty and Augmented Lagrange methods
is that Augmented Lagrange augments the contact force (pressure) calculations:

Penalty method:  Fy = Knormar X Xpenetration

LaGrange multiplier method: Fy = Kyormat X Xpenetration + A

Because of the extra term A, the Augmented Lagrange method is less sensitive to the magnitude of

the contact stiffness Ky ormai-

5.16 Boundary Conditions:

Boundary conditions are given to the different elements to get desired degree of freedom and
constrained motion for rigid Pole all of the motions are kept constrained so degree of freedom of
pole will be Zero and Bumper will have to move in a particular direction with some definite

velocity (v = 40 m/s) so that it get impacted with rigid pole

21
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Figure 5.9: Boundary condition assignment to different nodes

At A and B point all the nodes have taken single degree of freedom as the displacement in the
direction of velocity where the rotation and displacement in remaining directions are kept zero
(fixed).

5.2 Processing

5.21 Job Creation:

After boundary condition job input file is created which contains all the data like boundary
condition meshing detail and method of contact modelling here, | have used penalty method and

22



tangential behaviour with friction coefficient = 0.4. Job file is submitted for deformation, stress,

energy variation during contact impact.

5.3 Post processing

5.31 Results:

After processor completes its analysis and simulation work the output files are generated that can
be in form of visual images, Text documents, Animations and graphs this can be viewed by using
visualisation module in Abaqus. The bellow results show the displacement (deformation) plot in
the direction of velocity (negative y-direction). At the start of movement of Bumper there will be
zero displacement in bumper and as the contact initialises, we can see the deformation at the

potential contact zone.

= Displacement(deformation) variation:

Figure 5.10: Displacement (Deformation) at t = 0 second
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Figure 5.11: Displacement plot at t= 0

Figure 5.12: Displacement plot after t = 6 seconds
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Figure 5.14: Displacement plot after t = 18 seconds
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Figure 5.15: Displacement plot after t = 24 seconds

= Stress Variation:

Figure 5.16: Maximum principal (in-plane) stress
After t = 24 seconds
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Figure 5.17: Maximum principal (Absolute) stress
After t = 24 seconds

In figure 5.13 we can that the deformation is maximum where maximum and proper contact
occurs. In designing of bumper, we have to consider this maximum deformation value as the
maximum strength of bumper.

According to rigidity criterion maximum deformation occurred in bumper-

<

amax 6permissible

We can also design the bumper based on strength criterion using maximum principal stress
(Figure 5.15) as the strength of the bumper beam.

Omax < O-permissible
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CHAPTER 6

ISOGEOMETRIC CONTACT MODELLING

As it was discussed above Isogeometric analysis uses NURBS geometry for both modelling and
analysis, so the process like CAD modelling Material properties and boundary conditions will be
included in this as well but the algorithm of process will be different because there is no automated
softwares are available for Isogeometric analysis hence everything is done on MATLAB after

importing the CAD geometry in MATLAB.

Isogeometric
Contact
Modelling
[

I ]
Pre-processing Post-processing
CAD Modelling Re.sultst(Ou.tput

visualisation)
Material
Properties
Boundary
Conditions
L Contact
Modelling

Figure 6.1: IGA simulation procedure
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6.1 Pre-processing:

6.11 CAD Modelling:

Like FEM contact simulation here also CAD geometric modelling is the first step for IGA contact
simulation. Geometry either can be created in MATLAB itself by using control points and knot
vector or it can be imported from some NURBS modelling software. Since Bumper and pole
geometry combinedly will be quite difficult to create in MATLAB, so it is generated using RHINO

and saved as bumper.gio file.

Figure 6.2: Bumper — pole assembly modelled in Rhino

The imported file contains set of control point and knot vectors that will represent the geometric

details.
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6.12 Material Properties

Material properties are given to the geometry. Since we are doing a comparative study between
IGA and FEM contact formulation, hence material properties will be same for both the simulation.
A structural model supports only homogeneous isotropic materials. Therefore, all material
properties must be numeric scalars. Here Steel is used as structural material Young’s modulus and
poisons ratio is given as

EQ =
nud =

=

25; % Young's modulus

[ o
[

8 ¥ Poisson's ratio

6.13 Boundary conditions:
All the set of potential contacting knots of rigid pole are kept fixed means knots have zero
displacement and rotation. The deformable bumper beam is made to move in the direction of rigid

pole by providing a particular velocity.

Figure 6.3: Boundary nodes as highlighted in Red
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6.14 Contact modelling:

After assigning boundary conditions master and slave surfaces are made to contact each other.
Here rigid pole is considered as master surface and the deformable bumper is termed as slave
surface. Global search is performed and potential contact region is assigned after in local search
step exact contact knots are identified. Penetration gap is made zero using iterative Newton-

Raphson method.

6.2 Post-processing

6.21 Results (Output visualisation):

After contact modelling the output file is generated and saved as bumper.in.flavia.res it can be

seen using Para view Software.

DI

|

ISPLAGEMENTS ()
0

2.57202485237121
7.14584970474243
10.7187746671136
14.2916994094848
17.8646242618560
21.4376491142272
35.0104739665585
38.6933088 180607
32.1663236712408
35.7292485237121
39.3021733760833
42.8750982284545
46.4480130808358
50.0200479321670
53.59367 27655682
57.1667076373384

Figure 6.4: Contact initialisation at t = 0 sec.
Min. and max. Deformation (Displacement) = 0

31



G

32

Figure 6.5:
Displacement plot after
t = 2 seconds

Figure 6.6:
Displacement plot after
t = 4 second

Figure 6.7:
Displacement plot after
t = 6 second
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Figure 6.8:
Displacement plot after
t = 8 seconds

Figure 6.9:
Displacement plot after
t = 10 seconds

Figure 6.10:
Displacement plot after
t = 12 seconds
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0.0
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L

Figure 6.11: Displacement plot after t = 14 seconds
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Figure 6.12: Displacement plot after t = 16 seconds
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Figure 6.13: Displacement plot after t = 18 seconds

6.3 NURBS vs. FEM for contact modelling:
FEM has been used in almost every contact modelling because this process becomes easy in
contact detection but due to inexact geometric discretization it is quite inefficient compared to
NURBS.

NURBS has very good efficiency in every aspect and has better result as well. There are
following reasons that can prove that proposed NURBS based contact modelling is better than
FEM.

6.31 Meshing:

As we know meshing or discretization is the main and primary step in contact modelling and
contact modelling results totally depends on that how well the model is meshed and discretized
here NURBS is way better than FEM because FEM can never represent exact geometry. NURBS

discretized surface is very smooth and can be taken as exact model surface.
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6.32 Time Taking:

As we know contact modelling takes 30 to 40 percent total crash CPU time hence time becomes a
critical constraint. The time taken by FEM modelling is greater than the NURBS modelling
because FEM uses large number of elements for its better geometric representation where NURBS
has flexibility for using small number of control points or knot. Due such large number of elements
in FEM time taken in analysis at every node of elemental mesh becomes quite high than that of
NURBS.

6.33 Results:

Due to difference in discretization NURBS and FEM has much differences in results. NURBS has
exact geometric representation due to which we can trust on NURBS result than FEM. This
differences in results becomes critical in some cases like contact modelling in balloon angioplasty
and contact between human body and airbag.
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CHAPTER 7

CONCLUSION AND FUTURE WORK

7.1 Conclusions:

As we can see the total time taken in FEM simulation is 24 seconds and total time taken in IGA
contact simulation is 18 seconds so it saves 25% of overall simulation time as compared to FEM
contact simulation the design of vehicle bumper is mainly depends upon how much stresses are
developed during particular impact test condition so it is very important to know actual stress
variation in results of virtual impact test compared to real-time impact . FEM simulation has
5.67% variation from real data and in IGA it becomes 3.47%. It looks little difference in both the
simulation results but as we know this simulation is only of front vehicle bumper as we will go in

full vehicle or multibody simulations it will show more variations in result data.

7.2 Future Work:

Development of interactive software platform for performing isogeometric analysis will be a big
breakthrough in the field of computer aided engineering. Till now separate computational
programming for each problem is done. A general computer program to perform isogeometric
analysis is on the horizon and has potential to revolutionize the design and analysis industry.

Automation of isogeometric analysis is a mighty aim.
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